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Blood flow requirements of the respiratory muscles (RM) increase
markedly during exercise in chronic heart failure (CHF). We reasoned
that if the RM could subtract a fraction of the limited cardiac output
(QT) from the peripheral muscles, RM unloading would improve
locomotor muscle perfusion. Nine patients with CHF (left ventricle
ejection fraction  26  7%) undertook constant-work rate tests
(70-80% peak) receiving proportional assisted ventilation (PAV) or
sham ventilation. Relative changes (%) in deoxy-hemoglobyn,
oxi-Hb ([O2Hb]), tissue oxygenation index, and total Hb ([HbTOT], an
index of local blood volume) in the vastus lateralis were measured by
near infrared spectroscopy. In addition, QT was monitored by imped-
ance cardiography and arterial O2 saturation by pulse oximetry (SpO2).
There were significant improvements in exercise tolerance (Tlim)
with PAV. Blood lactate, leg effort/Tlim and dyspnea/Tlim were
lower with PAV compared with sham ventilation (P  0.05). There
were no significant effects of RM unloading on systemic O2 delivery
as QT and SpO2 at submaximal exercise and at Tlim did not differ
between PAV and sham ventilation (P  0.05). Unloaded breathing,
however, was related to enhanced leg muscle oxygenation and local
blood volume compared with sham, i.e., higher [O2Hb]% and
[HbTOT]%, respectively (P  0.05). We conclude that RM unload-
ing had beneficial effects on the oxygenation status and blood volume
of the exercising muscles at similar systemic O2 delivery in patients
with advanced CHF. These data suggest that blood flow was redistrib-
uted from respiratory to locomotor muscles during unloaded breathing.
blood flow; cardiac failure; cardiovascular physiology; hemodynam-
ics; muscle; oxygen consumption
EXERCISE INTOLERANCE IS A major consequence of advanced
chronic heart failure (CHF) (40). There is previous evidence
that exercise capacity is not determined by cardiac factors on
isolation but depends on complex, integrated cardiopulmonary
and locomotor muscle interactions in this patient population (as
reviewed in Ref. 59).
More recently, much emphasis has been paid to the con-
straining role of the mechanical-ventilatory responses on ex-
ercise capacity in CHF. Several authors, for instance, found
that patients with more advanced CHF typically have a hyper-
ventilatory response to exercise that holds important clinical
and prognostic implications (3, 24). These patients may also
present with decreased respiratory muscle (RM) strength and
endurance (23, 30). In addition, the work of breathing can be
augmented during exercise because of increases in duty cycle
(by decreasing expiratory time) and reductions in lung com-
pliance (1). It is not surprising, therefore, that selected strate-
gies aimed to unload or train the RM have successfully im-
proved exercise tolerance in CHF patients (11, 31, 32, 39, 52).
In this context, it is intuitive to consider that enhanced
exercise capacity after RM unloading probably results from a
better balance between local O2 demand and supply with
beneficial effects on the resulting dyspnea (31, 35, 42, 54). An
important contributory explanation, however, might be related
to blood flow redistribution from respiratory to locomotor
muscles (14, 20, 21). There are several lines of evidence
suggesting that increased fatiguing contractions and accumu-
lation of metabolites in the inspiratory and expiratory muscles
may activate unmylenated type IV phrenic afferents, increasing
sympathetic vasoconstrictor activity via a supraspinal reflex
with the purpose to redirect blood flow from peripheral to
ventilatory muscles (4, 21, 33, 43, 45, 48, 49). Indirect support
to this hypothesis in humans has been given by O’Donnell and
coworkers (39) who found that the improvement in exercise
endurance with pressure support ventilation was associated
with less exertional leg discomfort in patients with CHF. In
addition, skeletal muscle perfusion has been shown to be
selectively reduced as whole body exercise progresses in some
patients with CHF (34, 53); this effect, however, was not found
with small muscle mass exercise where the ventilatory require-
ments are considerably lower (27). There is, therefore, a sound
rationale underpinning the notion that respiratory and periph-
eral muscles could actively compete for the available cardiac
output (QT), especially in pathological conditions where the
ability to further increase O2 delivery is impaired. To the best
of the authors’ knowledge, however, no previous study has
specifically looked at the potential effects of RM unloading
during exercise on blood perfusion of the working peripheral
muscles in humans with CHF.
Therefore, the primary objective of this study was to inves-
tigate whether locomotor muscle perfusion (as estimated by
muscle oxygenation and blood volume measured by near
infrared spectroscopy) would be significantly improved with
Address for reprint requests and other correspondence: J. A. Neder, Federal
Univ. of Sa˜o Paulo-Paulista School of Medicine (UNIFESP-EPM), Rua
Professor Francisco de Castro 54, Vila Clementino, CEP: 04020-050, Sa˜o
Paulo, Brazil (e-mail: albneder@pneumo.epm.br).
The costs of publication of this article were defrayed in part by the payment
of page charges. The article must therefore be hereby marked “advertisement”
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
Am J Physiol Heart Circ Physiol 294: H2465–H2472, 2008.
First published March 28, 2008; doi:10.1152/ajpheart.91520.2007.
0363-6135/08 $8.00 Copyright © 2008 the American Physiological Societyhttp://www.ajpheart.org H2465
RM unloading during high-intensity exercise in patients with
advanced CHF.
METHODS
Subjects and Design
This was a prospective, randomized, and controlled study involving
nine nonsmoking men recruited from the CHF Outpatient Clinic of
our institution. Patients were required to have an established diagnosis
of CHF for at least 6 mo, three-dimensional echodopplercardiography
showing left ventricle ejection fraction 35%, New York Heart
Association classification score III, and no hospitalization in the preced-
ing 6 mo. The patients were on a stable phase of the disease, and they
have been treated with standard medications for CHF (Table 1). Patients
were excluded from study if they had clinical and/or functional
evidence of obstructive pulmonary disease (forced expiratory volume
in one second/forced vital capacity 70%), exercise-induced asthma,
unstable angina or significant cardiac arrhythmias, and myocardial
infarction within the previous 6 mo. No patient had been submitted to
cardiovascular rehabilitation in the preceding year. Patients gave a
written informed consent, and the study protocol was approved by the
Institutional Medical Ethics Committee.
Study Protocol
After a ramp-incremental cardiopulmonary exercise test on a cycle
ergometer, the patients performed, on a separate day, a high-intensity
constant work rate (CWR) trial test at 70–80% peak work rate (WR)
to individually select the flow (FA) and volume (VA) assist levels of
proportional assisted ventilation (PAV) (see below). At a subsequent
experimental visit, the patients undertook, 1 h apart, two CWR at the
previously defined WR to the limit of tolerance (Tlim). During these
tests, they were randomly assigned to receive sham ventilation or the
preselected levels of PAV.
Noninvasive Positive Pressure Ventilation
PAV was applied via a tight-fitting facial mask with pressure levels
being delivered by a commercially available mechanical ventilator
(Evita-4; Draeger Medical, Lu¨beck, Germany). PAV provides venti-
latory assistance in terms of FA (cmH2O  l1 s1) and VA (cmH2O/l)
that can specifically unload the resistive and elastic burdens, respec-
tively. PAV was set individually on a preliminary visit for each patient
using the “run-away” method (6, 60). Initially VA and FA were set at
the minimum values of 2 cmH2O/l and 1 cmH2O  l1 s1, respec-
tively. Next, VA was increased slowly by 2 cmH2O/l until run-away
was demonstrated. This phenomenon is identified when the inspira-
tory phase of the ventilator extends well beyond the inspiratory time
observed at lower levels and goes into the neural expiration (60).
Afterward, FA was set by increasing its value by 1 cmH2O  l1 s1
until run-away occurred, with VA being kept fixed at 2 cmH2O/l.
These settings were applied during exercise at the same WR selected
for the experimental visit with FA and VA values being adjusted for
patient comfort to avoid run-away during exercise (see RESULTS for the
actual values).
Noninvasive sham ventilation was applied by the same equipment
using the minimal inspiratory pressure support (5 cmH2O of inspira-
tory pressure support and 2 cmH2O of positive end-expiratory pres-
sure) to overcome the resistance of the breathing circuit, as informed
by the ventilator manufacturer. The patients and the accompanying
physician were unaware of the ventilation strategy applied by a
trained physiotherapist. This was accomplished by visually isolating
the ventilator and its monitor from them.
Measurements
Pulmonary function tests. Spirometric tests were performed by
using the CPF System (Medical Graphics-MGC, St. Paul, MN) with
airflow being measured by a calibrated Pitot tube (PreVent Pneumo-
tach). Carbon monoxide diffusing capacity was measured by the
modified Krogh technique. Total lung capacity (TLC, liters) and
residual volume (RV, liters) were obtained by constant-volume, dif-
ferent-pressure body (Elite System; MGC). Maximum inspiratory and
expiratory pressures (cmH2O) were measured at RV and TLC, re-
spectively (MVD300; MVD, Porto Alegre, Brazil). Predicted values
for pulmonary function tests were those proposed for the adult
Brazilian population (36, 37). In addition, a blood sample was drawn
from the radial artery according to standard guidelines with the
sample being immediately analyzed for arterial partial pressure for O2
and CO2 (mmHg) (ABL77; Radiometer, Copenhagen, Denmark).
Exercise test. Symptom-limited exercise tests were performed us-
ing a calibrated computer-based exercise system (CardiO2 System;
MGC). The tests were performed on an electronically braked cycle
ergometer (model 400; Corival, Lode, The Netherlands) at 60 revo-
lutions/min (rpm), and they were preceded by an unloaded baseline
pedaling at 0 watts for 2 min. The following data were recorded as a
mean of 15 s: O2 uptake (V˙ O2, ml/min), CO2 output (ml/min), minute
ventilation (l/min), respiratory rate (rpm), and tidal volume (liters).
Peak V˙ O2 was the highest value found at exercise cessation (38).
Subjects were also asked to rate their “shortness of breath” and “leg
effort” at exercise cessation using the 0–10 Borg’s scale.
Oxyhemoglobin saturation (SpO2, %) was continuously determined
by pulse oximetry (POX 010–340; Mediaid, Torrance, CA) with a
finger probe in the right index. To improve signal stability, the probe
was fixed to the finger with tape and covered with an optically dense
sheet. Another similar oximeter with a probe in the left index was used
to compare the values recorded in the cardiopulmonary exercise
system. After the experiments, the recorded values were revised for
aberrant data points. From these data, arterial O2 content (CaO2) was
estimated as CaO2 (ml/100 ml)  1.39[Hb]  SpO2, where [Hb] is
hemoglobin concentration.. Capillary samples were also collected
from the ear lobe for blood lactate measurements (mMol/l) at exercise
cessation (Yellow Springs 2.700 STAT plus; YSI).
Table 1. Patients characteristics at rest
Mean  SD
Demography/anthropometry
Age, yr 4913
Height, m 1.690.07
Body mass, kg 73.611.5
Body mass index, kg/m2 25.52.8
Echocardiography
LVEF, % 267
Etiology of heart failure
Ischemic 3
Nonischemic 6
Pulmonary function
FEV1, %predicted 88.412.6
FVC, %predicted 92.511.6
MIP, %predicted 76.819.5
MEP, %predicted 64.218.9
IC, %pred 96.817.5
DLCO, %pred 54.216.2
PaO2, mmHg 80.26.0
PaCO2, mmHg 34.92.4
Drugs
Diuretic 8
Digitalis 3
Carvedilol 9
Angiotensin-converting enzyme inhibitor 7
LVEF, left ventricle ejection fraction; FEV1, forced expiratory volume in
1 s; FVC, forced vital capacity; MIP, maximal inspiratory pressure; MEP,
maximal expiratory pressure; IC, inspiratory capacity; DLCO, lung diffusing
capacity for carbon monoxide; PaO2, arterial partial pressure for O2; PaCO2,
arterial partial pressure for CO2.
H2466 SKELETAL MUSCLE OXYGENATION DURING EXERCISE IN CHF
AJP-Heart Circ Physiol • VOL 294 • JUNE 2008 • www.ajpheart.org
In the maximum exercise test, the rate of power increment was
individually selected (usually 5–10 W/min) to provide an exercise
duration of 8–12 min. The CWR exercise tests were performed at
70–80% of the previously determined peak WR to the Tlim (min) or
20 min, whichever was reached first. Tlim was defined as the time
point in which the patients signaled to stop exercising or could not
maintain the required pedaling rate for 10 s despite being encouraged
by the investigators.
Skeletal muscle oxygenation. Skeletal muscle oxygenation profiles
of the left vastus lateralis were evaluated with a commercially avail-
able near infrared spectroscopy (NIRS) system (Hamamatsu NIRO
200; Hamamatsu Photonics). The theory of NIRS has been described
in detail elsewhere (7, 15, 47). The intensity of incident and trans-
mitted light was recorded continuously and, along with the relevant
specific extinction coefficients, used for online estimation of the
changes () from baseline of the concentrations of oxy[hemoglobin
myoglobin] ([O2Hb]), deoxy[hemoglobinmyoglobin] ([HHb]), and
total [hemoglobin  myoglobin] ([HbTOT]). The last variable has
been used as an index of local blood volume and muscle vasodilation
in patients with CHF ([HbTOT] [O2Hb]  [HHb]) (51, 55). From
these values, an additional index of muscle oxygenation was calcu-
lated [tissue oxygenation index (TOI)  100  ([O2Hb]/[HbTOT])].
Because of the uncertainty of the differential pathlength factor (DPF)
for the quadriceps, we did not use a DPF in the present study.
Therefore, the values were recorded as a delta () from baseline in
units of micromolar per centimeter. To improve intersubject compa-
rability, [O2Hb] and [HHb] values were expressed as the percent-
age of the maximal value determined on at least two preexercise
maximal voluntary contractions (MVCs) performed after the system
had been zeroed. This was achieved by having the subject exert the
maximum volitional effort against the cycle ergometer pedal fixed at
90° in relation to the ground with active encouragement from the
investigators. We used the maximum observed value provided that it
did not differ 10% from the lower value and that a clear steady-state
value was observed for at least 10 s. Although previous studies have
used the maximum deoxygenation provided by cuff-induced ischemia
(12, 19, 29), pilot experiments in these patients showed that a clear
steady state in the NIRS signals was not observed in most subjects
even after long periods of ischemia (up to 8 min). In addition, we
found that the intrasubject coefficient of variation (CV) for [HHb]
was substantially lower in response to MVC (5.3%) than the cuff
technique (12.7%). Considering, however, that the highest values of
[HbTOT] were not obtained during the MVCs or cuff-induced ischemia,
we normalized this variable to the highest value found on early recovery.
In the present study, a set of optodes was placed at the belly of the
vastus lateralis midway between the lateral epicondyle and greater
trochanter of the femur. Care was taken to obtain the local skinfold
thickness (Harpender caliper), since the signal amplitude and reliabil-
ity deteriorate substantially with thicker subcutaneous fat layers (15).
Therefore, if the subject skinfold thickness exceeded 20 mm, a
secondary place was chosen in the same muscle group. The optodes
were housed in an optically dense plastic holder, thus ensuring that the
position of the optodes, relative to each other, was fixed and invariant.
The optode assembly was secured on the skin surface with tape and
then covered with an optically dense, black vinyl sheet, thus mini-
mizing the intrusion of extraneous light and loss of NIRS light. The
thigh, with attached optodes and covering, was wrapped with a
purpose-made, elastic bandage to minimize movement of the optodes.
We obtained the test-retest CV for each of the studied variables, with
actual values being 8.7% for [O2Hb], 4.1% for [HHb], 4.3% for
[HbTOT], and 6.5% for TOI.
To test the sensitivity of the main NIRS variables to improved
muscle perfusion, four patients performed an exercise bout at 70–
80% peak WR on a separate day. In this test, a cuff was placed around
the proximal thigh, and its pressure was increased to 30 mmHg above
the arterial systolic pressure after 2 min of exercise. After stabilization
of the signals, the highest [HHb] value was considered to represent
maximal deoxygenation (“100%”); similarly, the lowest [O2Hb] and
[HbTOT] values during occlusion were assumed to represent the
“zero” point. The pressure was then subsequently reduced every 30 s
to progressively lower values until a pressure of 30 mmHg below the
arterial systolic pressure was reached (see RESULTS for findings).
Central hemodynamics. QT (l/min) and stroke volume (SV, ml)
were measured by impedance cardiography (model PF-05; Physio-
Flow, Manatec, France). These data were also used to estimate (est)
O2 delivery (DO2est  QT  CaO2est, l/min). The PhysioFlow device
and methodology have been described elsewhere (8). Before each test,
verification of the correct signal quality was performed by visualizing
the electrocardiogram (ECG) tracing and its first derivative (dECG/dt)
and the impedance waveform (Z) with its first derivative (dZ/dt) (8).
We calculated the CV for QT and SV during exercise in a subgroup of
patients (n  4) (3.3 and 4.1%, respectively). The sensitivity of the
system to small changes in QT was tested during a series of four
constant WR exercise tests in these patients. This was performed by
comparing the measured QT values with those expected from the
submaximal QT-V˙ O2 relationship described in previous studies with
similarly severe patients (	4.5–5) (50, 51). As shown in Fig. 1, the
system was sensitive to detect small changes in QT (	100 ml/min)
with acceptable accuracy (within  10% for all readings).
Statistical Analysis
The SPSS version 13.0 statistical software was used for data
analysis (SPSS, Chicago, IL). Results were summarized as means 
SD or median (range) for changes in Tlim. To contrast within-subject
exercise responses at Tlim, paired t or Wilcoxon tests were used as
appropriate. Repeated-measures ANOVA with Bonferroni correction
for multiple comparisons was used to compare the physiological
responses to exercise with PAV and sham ventilation at selected time
points, taking into consideration the sequence of treatment. The level
of statistical significance was set at P  0.05 for all tests.
Fig. 1. Comparison between changes () in predicted and observed cardiac
output values (QT, ml/min) by bioelectrical impedance cardiography (Physio-
Flow PF-05; Manatec Biomedical) in response to four constant work rate
exercise tests in patients with chronic heart failure (CHF; n  4) (see text for
further elaboration). Changes in QT were predicted from the QT-O2 uptake
submaximal relationship that has been previously reported in these patients
(50, 51). Note that the system was sensitive to detect small changes in QT
(	100 ml/min) with the differences between predicted and observed values
ranging between 8.7 to 9.4%, independent of the exercise intensity.
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RESULTS
Population Characteristics at Rest and Peak Exercise
Resting characteristics are presented in Table 1. Etiology of
CHF was predominantly nonischemic, and patients had mod-
erate to severe left ventricle dysfunction. Patients had de-
creased RM strength and lung diffusing capacity compared
with normal predicted values (36, 37). In relation to maximal
exercise tolerance, they presented with moderate reductions in
peak V˙ O2 with five patients being classified as Weber’s class II
and four patients as class III (56). Peak heart rate and chrono-
tropic stress were markedly reduced, since all patients were
receiving 
-blockers for at least 6 mo. Although median scores
of breathlessness and leg effort did not differ at exercise
cessation, seven out of nine patients reported leg discomfort as
the main limiting symptom (Table 2).
Metabolic, Ventilatory, and Perceptual Responses
The actual values for volume and flow assist during PAV
were as follows: 5.7  1.5 H2O/l and 3.1  1.1
cmH2O  l1 s1, respectively. Repeated-measures ANOVA
revealed that there were no significant effects of treatment
sequence on Tlim (P 0.05). There was a significant improve-
ment in the tolerance to CWR exercise with PAV [median
(range) 290 s (109–729 s) vs. 366 s (120–1,200 s), P 0.01
(Fig. 2)]. These changes corresponded to a percent variation of
38.4% (10.0–95.1%). In a subgroup of patients (n  4), we
found that the test-retest differences for Tlim were within 10%
for all subjects (ranging from 3.2 to 9.1%). In addition, al-
though no patient reached the time limit of 20 min with sham
ventilation (see METHODS), the tests were finished at this time point
by the investigators in two patients when using PAV (Fig. 2).
There were, however, no significant change in V˙ O2 at Tlim (Table 3).
Systemic O2 Delivery
There were no significant effects of PAV on the cardiovascular
responses compared with sham. As shown in Table 4 and Fig. 3,
A and B, QT and SV were similar during both exercise tests at
Tlim and at submaximal exercise. There was also no significant
change in SpO2 with PAV compared with sham ventilation (Table
4): the median (range) of the intrasubject difference in SpO2
between the two interventions throughout exercise was 0% (2 to
2%). Consequently, estimated systemic O2 delivery (DO2est 
QT  CaO2est) remained unchanged with PAV at isotime and
Tlim (Table 4). In similarity, there were no treatment effects on
mean blood pressure; consequently, total vascular resistance did
not vary with PAV (P  0.05; Table 4).
Peripheral Muscle Oxygenation
As described in METHODS, we tested the response character-
istics and sensitivity of the key NIRS variables to improved
muscle perfusion induced by the release of cuff-induced is-
Table 2. Maximal exercise data (n  9)
Maximal Exercise Variables Mean  SD
Power, W 9116
Metabolic
V˙ O2, % pred 57.713.7
V˙ O2, ml/min 1,199252
V˙ O2, ml  min1  kg1 16.43.0
V˙ CO2, ml/min 1,327362
Lactate, mmol/l 3.20.9
Ventilatory
V˙ E, l/min 45.96.6
RR, rpm 316
VT, liters 1.550.37
Cardiovascular
HR, beats/min 1126
HR, % pred 66.15.2
V˙ O2/HR, ml  min1  beat1 10.72.2
Subjective
Dyspnoea score 4.71.0
Leg effort score 6.61.4
n, No. of subjects. %pred, %predicted; V˙ O2, oxygen consumption; V˙ CO2,
carbon dioxide output; V˙ E, minute ventilation; RR, respiratory rate; VT, tidal
volume; HR, heart rate.
Fig. 2. Effects of proportional assisted ventilation (PAV) and sham ventilation
on the tolerance to high-intensity constant work rate exercise (Tlim) in a group
of patients with CHF (n  9).
Table 3. Comparative evaluation of the effects of PAV and
sham ventilation on physiological and subjective responses
at the limit of tolerance to high-intensity, constant work
rate exercise
Variables Sham Ventilation PAV P
Metabolic (V˙ O2)
Absolute, ml/min 1,208252 1,217219 0.73
Peak, % 95.07.4 102.511.1 0.65
Ventilatory
V˙ E, l/min 43.15.7 45.67.0 0.49
RR, rpm 28.88.4 27.47.4 0.49
VT, liters 1.580.36 1.750.48 0.09
V˙ E/V˙ CO2 41.210.5 38.98.8 0.05
Cardiovascular
HR
Absolute, beats/min 10812 10814 0.94
Peak, % 97.211.3 96.48.7 0.90
V˙ O2/HR
Absolute, ml  min1  beat1 11.32.7 11.42.6 0.99
Peak, % 105.310.7 107.418.0 0.99
Subjective
Dyspnea scores 5.71.5 5.31.6 0.37
Leg effort scores 6.22.9 5.42.6 0.43
Dyspnea/Tlim, min 1.20.8 0.90.7 0.01*
Leg effort/Tlim, min 1.31.2 0.90.9 0.03*
Values are means  SD; n  9 subjects in each intervention. PAV,
proportional assisted ventilation; Tlim, limit of tolerance. *P  0.05 (paired t
or Wilcoxon tests for between-group differences).
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chemia in a subgroup of patients (n  4). We found that
enhanced muscle perfusion was associated with a linear de-
crease in [HHb] that was accompanied by greater increases in
[O2Hb], i.e., [HbTOT] increased substantially with improved
muscle perfusion (Fig. 4).
In relation to muscle oxygenation during sham ventilation,
we found that exercise was associated with a significant in-
crease in [HHb]% and a concomitant (but not proportional)
decrease in [O2Hb]%. Consequently, TOI [100  ([O2Hb]/
[HbTOT])] declined with exercise progression. As expected,
[HbTOT]%, an index of local blood volume (23), increased
with exercise (Fig. 5). Unloaded breathing was associated with
a pattern of changes similar of that found with increased
muscle perfusion (Fig. 4). Therefore, PAV was associated with
lower [HHb]% values, which were accompanied by a blunted
decrease in [O2Hb]%, i.e., TOI was improved with PAV.
Moreover, [HbTOT]% was significantly increased with PAV
(Table 4 and Fig. 5). Consistent with these data, leg effort/Tlim
and lactate/Tlim were lower with PAV than sham (Tables 3
and 4, respectively).
We also investigated the repeatability of these results in a
subgroup of patients (n  4). PAV was associated with lower
end-exercise [HHb]% but higher [O2Hb]% values com-
pared with sham ventilation in all subjects. In addition, there
were no significant test-retest PAV-sham differences in [HHb]%
(16.1  8.3 vs. 18.9  8.5%, respectively) and [O2Hb]%
(31.7  10.1 vs. 28.5  8.3%, P  0.05).
DISCUSSION
Summary of Findings
Several aspects make this an innovative investigation. Spe-
cifically, this is the first study to evaluate the effects of RM
unloading on peripheral muscle oxygenation in humans with
advanced CHF. In addition, we followed noninvasively the
determinants of systemic O2 delivery, i.e., QT and CaO2. The
main findings of the present study can be summarized as
follows: 1) enhanced exercise tolerance with PAV was accom-
panied by a significant improvement in appendicular muscle
oxygenation and blood volume, and 2) there were no discern-
ible changes in the central hemodynamic adjustments or CaO2.
These data might indicate that RM unloading allowed a frac-
tion of the limited QT to be redirected from respiratory to
locomotor muscles with beneficial effects on energy supply to
the working peripheral muscles.
Peripheral-RM Competition for Blood Flow in CHF
There is a main hypothesis to explain the increased muscle
oxygenation with RM unloading in our study (Fig. 5 and Table
Fig. 3. Lack of significant effects of PAV (closed circles) compared with sham
ventilation (open circles) on stroke volume (A) and QT (B) during constant
work rate exercise (n  9). Data are means  SE. *P  0.05 for comparisons
with rest (repeated-measures ANOVA).
Table 4. Effects of PAV and sham ventilation on selected
indexes of systemic oxygen transport and skeletal muscle
oxygenation at Tlim to high-intensity, constant work
rate exercise
Variables
Sham
Ventilation PAV P
Hemodynamics
QT
Absolute, l/min 9.41.5 10.01.3 0.35
 exercise-rest 4.52.0 5.31.2 0.30
SV
Absolute, ml 9216 9411 0.46
 exercise-rest 199 228 0.19
HR
Absolute, beats/min 10812 10814 0.94
 exercise-rest 4411 4216 0.94
Mean arterial pressure, mmHg 10518 10714 0.87
Total peripheral resistance,
mmHg  l1  min1 8.730.54 8.350.41 0.90
Systemic oxygenation
SpO2, % 961.9 962.0 0.99
CaO2est, ml/100 ml 17.92.4 17.92.4 0.99
DO2est, l/min 1.670.31 1.790.25 0.35
Muscle oxygenation
 HHb
Absolute, mol/cm 58.230.7 44.229.4 0.003*
MVC, % 72.422.4 46.525.0 0.007*
 O2Hb
Absolute, mol/cm 50.324.1 26.616.8 0.007*
%MVC 69.943.4 36.730.5 0.03*
 HbTOT
Recovery, % 26.714.9 47.816.5 0.03*
TOI, % 42.710.1 55.39.9 0.02*
Blood lactate
Absolute, mmol/l 4.081.7 3.951.4 0.49
Lactate/time, mmol  l1  min1 0.860.6 0.670.5* 0.003*
Values are means  SD; n  9 subjects in each intervention. QT, cardiac
output; SV, stroke volume; HR, heart rate; SpO2, oxyhemoglobin saturation by
pulse oximetry; CaO2est, estimated arterial O2 content; DO2est, estimated O2
delivery; MVC, maximum voluntary contraction; HHb, reduced hemoglobin;
O2Hb, oxyhemoglobin; HbTOT, total hemoglobin; TOI, tissue oxygenation
index. Brackets denote concentration. *P  0.05 (paired t or Wilcoxon test for
between-interventions differences).
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4). In normal subjects, Dempsey and coworkers (2, 14, 20, 21,
33, 43, 45, 48, 49, 57) have provided convincing evidence that
increased RM work was causally related to lower perfusion of
the leg muscles at maximum exercise. They postulated that a
RM fatigue-induced metaboreflex would increase sympathetic
vasoconstrictor outflow, thereby decreasing the locomotor
muscle perfusion. Although these studies did not actually
determine whether blood flow to the RM was increased, it is
conceivable that part of the QT has been redirected to the RM,
i.e., a “stealing” effect (14).
Based on the main findings of the present investigation, we
postulate that, at near maximal exercise, when the ability to
further increase QT is likely to be limited in CHF patients, PAV
was instrumental in reducing diaphragmatic fatigability and,
probably, the accumulation of by-products that could activate
the local metaborreceptors. Therefore, lower limb sympathetic
outflow may have been reduced with consequent improve-
ments in local oxygenation and local blood volume (see Meth-
odological Considerations for further elaboration). These data
are consistent with those recently reported by Miller et al. (33)
who found that PAV increased limb blood flow even during
mild intensity exercise in a canine model of CHF. Although
more direct evidence of this phenomenon should be sought
(e.g., by looking at diaphragmatic and leg perfusion under
loaded and unloaded conditions), the present study seems to
constitute the first experimental evidence that the stealing
phenomenon can occur in humans with CHF.
We found that whole body V˙ O2 did not decrease as would be
expected from a lower work of breathing with respiratory
unloading. However, this interpretation is hampered by the fact
that increasing and decreasing the work of the RM may
promote opposite changes in limb blood flow (and muscle
V˙ O2). In fact, Harms et al. (20) found that limb V˙ O2 was higher
with RM unloading. Therefore, any decrease in RM V˙ O2 with
unloaded breathing in the present study may have been can-
celled out by increases in appendicular muscle V˙ O2.
Methodological Considerations
We found that RM unloading was associated with in-
creased O2 availability to the working peripheral muscles
(higher [O2Hb]% and TOI) and improved local blood
volume ([HbTOT]%) as determined by NIRS (Table 4 and
Fig. 5). This technique provides noninvasive and continuous
monitoring of relative concentration changes in deoxy-, oxy,
and total hemoglobin/myoglobin in the muscle microvascula-
ture (small arterioles, capillaries, and venules) (5, 7, 9, 12, 13,
15, 16, 19, 28). In this context, it should be recognized that
NIRS does not actually measure muscle blood flow. However,
[HHb]% provides a reliable index of local O2 extraction,
Fig. 4. Effects of increased muscle perfusion during exercise on the main
variables of interest measured by near infrared spectroscopy in a subgroup of
patients with CHF (n  4). First, a cuff was placed around the root of the leg,
and the pressure was increased to 30 mmHg above the arterial systolic pressure
(S): the highest change () in deoxyhemoglobin ([HHb], closed circles) was
assumed to represent maximal deoxygenation (“100%”), and the lowest values
for oxy-Hb ([O2Hb], open circles) and total Hb ([HbTOT], open squares)
were set as “0%.” Subsequently, S was reduced to progressively lower values
every 30 s. Note the linear decrease in [HHb] with improved muscle
perfusion, which was accompanied by greater increases in [O2Hb], i.e.,
[HbTOT] increased as the cuff pressure was released and blood flow in-
creased.
Fig. 5. A comparative analysis between the effects of PAV (closed circles) and
sham ventilation (open circles) on [HHb] (A), [HbTOT] (B), and tissue
oxygenation index (TOI, C) in the vastus lateralis. Note that PAV was
associated with increased oxygenation (lower [HHb] and higher TOI) and
blood volume (higher [HbTOT]). These data are consistent with those described
in Fig. 4, suggesting that PAV was associated with improved peripheral muscle
perfusion (see text for further elaboration). Data are means  SE. P  0.05 for
comparisons with rest (*) and for comparisons between PAV and sham (†)
(repeated-measures ANOVA).
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reflecting the V˙ O2-to-muscle blood flow relationship (12, 13,
16, 19, 22, 26, 58). Grassi et al. (18), for instance, demon-
strated that when venous outflow is isolated (e.g., dog gastroc-
nemius) the O2 extraction kinetics are remarkably similar to
those found for [HHb] in exercising humans. Therefore, if the
constant metabolic demands of the peripheral muscles (	V˙ O2)
could be met by higher rates of convective O2 delivery dur-
ing PAV compared with sham, fractional O2 extraction
([HHb]%) was expected to be reduced (Table 4 and Fig. 5)
(25). This pattern of changes is consistent with our findings showing
a linear decrease in [HHb]% (and increase in [O2Hb]% and
[HbTOT]%) with higher muscle perfusion (Fig. 4).
The NIRS technology used in this study (constant-wave spec-
troscopy) assumes a constant reduced scattering coefficient (s)
that has been shown to overestimate the changes in NIRS vari-
ables during exercise (17). However, we scaled the changes
during exercise to the inflection induced by preexercise MVCs,
minimizing the error in absolute changes incurred by assuming
constant s. Another assumption inherent to NIRS is that the
relative contributions of arterial and venous blood to the signals
remain constant from rest to exercise and recovery. Although this
contention remains untested in skeletal muscle during exercise,
there is no a priori reason to believe that RM unloading would
selectively change the relative contribution of individual compo-
nents of the measured signals. Moreover, this is expected to have
a minor effect since the microvascular volume is predominantly
(	85%) composed of capillaries (41). Finally, NIRS is not able to
differentiate between the signal attenuation due to Hb and myo-
globin. However, this confounding effect has been estimated to
10% of the whole signal (29), a noncritical issue in this crossover
study.
Study Limitations
First, it should be recognized that PAV was not associated
with a substantial improvement in exercise tolerance in some
of our patients (Fig. 2). Therefore, the beneficial effects of RM
unloading were probably not critical to enhance the tolerance
to heavy-intensity exercise in some of these patients with
advanced CHF. Second, impedance cardiography was used to
monitor the central hemodynamics. Although there are some
concerns about the absolute accuracy of this technique during
exercise, the relative changes (Table 4) have been found to
provide acceptable estimates of the changes induced by exer-
cise in patients with CHF (10, 44). In fact, we found that the
technique was responsive to small changes in the metabolic
demand, as demonstrated by the QT-V˙ O2 relationship in
response to a series of CWR exercise tests (Fig. 1). Third, we
did not obtain ethical approval to perform direct measurements
of work of breathing (e.g., using esophageal balloons) in these
patients. Therefore, we are uncertain about how much the work
of breathing was effectively diminished with PAV in individ-
ual patients. Finally, we did not address whether the RM
unloading would improve peripheral muscle oxygenation dur-
ing moderate exercise in which the ventilatory demands are
considerably lower (46, 57).
Conclusions
We conclude that RM unloading (PAV) increased O2 avail-
ability and blood volume in the lower limbs during CWR exercise
of heavy intensity in patients with advanced CHF. These changes
were not related to increased systemic O2 delivery (QT  CaO2),
suggesting that a fraction of the QT had been redistributed from
respiratory to locomotor muscles as a consequence of PAV-
induced reductions in blood flow requirements of the RM.
ACKNOWLEDGMENTS
We thank all colleagues from the Pulmonary Function and Clinical Exercise
Physiology Unit (Division of Respiratory Diseases. Department of Medicine,
Federal University of Sao Paulo, Brazil) for friendly collaboration. We are also
grateful to Laura D. Batista for technical support and Dircilene P. Moreira for
competent secretarial assistance. More importantly, however, we are indebted
to the patients for their effort and enthusiastic cooperation throughout the
study.
GRANTS
This work was supported by Research Grant No 05/00722-0 from the Fundac¸a˜o
de Amparo a` Pesquisa do Estado de Sa˜o Paulo, Sa˜o Paulo, Brazil. A. Borghi-Silva
is a Postdoctoral Researcher at the Federal University of Sa˜o Paulo, and J. A.
Neder is an Established Investigator (level II) of the Conselho Nacional de
Desenvolvimento Cientı´fico e Tecnolo´gico, Brazil.
REFERENCES
1. Agostoni P, Pellegrino R, Conca C, Rodarte JR, Brusasco V. Exercise
hyperpnea in chronic heart failure: relationships to lung stiffness and
expiratory flow limitation. J Appl Physiol 92: 1409–1416, 2002.
2. Amann M, Pegelow DF, Jacques AJ, Dempsey JA. Inspiratory muscle
work in acute hypoxia influences locomotor muscle fatigue and exercise
performance of healthy humans. Am J Physiol Regul Integr Comp Physiol
293: R2036–R2045, 2007.
3. Arena R, Myers J, Abella J, Peberdy MA, Bensimhon D, Chase P,
Guazzi M. Development of a ventilatory classification system in patients
with heart failure. Circulation 115: 2410–2417, 2007.
4. Babcock MA, Pegelow DF, Harms CA, Dempsey JA. Effects of respi-
ratory muscle unloading on exercise-induced diaphragm fatigue. J Appl
Physiol 93: 201–206, 2002.
5. Belardinelli R. Monitoring skeletal muscle oxygenation during exercise
by near infrared spectroscopy in chronic heart failure. Congest Heart Fail
5: 116–119, 1999.
6. Bianchi L, Foglio K, Pagani M, Vitacca M, Rossi A, Ambrosino N.
Effects of proportional assist ventilation on exercise tolerance in COPD
patients with chronic hypercapnia. Eur Respir J 11: 422–427, 1998.
7. Boushel R, Langberg H, Olesen J, Gonzales-Alonzo J, Bulow J, Kjaer
M. Monitoring tissue oxygen availability with near infrared spectroscopy
(NIRS) in health and disease. Scand J Med Sci Sports 11: 213–222, 2001.
8. Charloux A, Lonsdorfer-Wolf E, Richard R, Lampert E, Oswald-
Mammosser M, Mettauer B, Geny B, Lonsdorfer J. A new impedance
cardiograph device for the non-invasive evaluation of cardiac output at rest
and during exercise: comparison with the “direct” Fick method. Eur J Appl
Physiol 82: 313–320, 2000.
9. Costes F, Barthelemy JC, Feasson L, Busso T, Geyssant A, Denis C. Com-
parison of muscle near-infrared spectroscopy and femoral blood gases during
steady-state exercise in humans. J Appl Physiol 80: 1345–1350, 1996.
10. Crisafulli A, Salis E, Tocco F, Melis F, Milia R, Pittau G, Caria MA,
Solinas R, Meloni L, Pagliaro P, Concu A. Impaired central hemody-
namic response and exaggerated vasoconstriction during muscle
metaboreflex activation in heart failure patients. Am J Physiol Heart Circ
Physiol 292: H2988–H2996, 2007.
11. Dall’Ago P, Chiappa GR, Guths H, Stein R, Ribeiro JP. Inspiratory
muscle training in patients with heart failure and inspiratory muscle
weakness: a randomized trial. J Am Coll Cardiol 47: 757–763, 2006.
12. DeLorey DS, Kowalchuk JM, Paterson DH. Effects of prior heavy-intensity
exercise on pulmonary O2 uptake and muscle deoxygenation kinetics in young
and older adult humans. J Appl Physiol 97: 998–1005, 2004.
13. DeLorey DS, Kowalchuk JM, Paterson DH. Relationship between
pulmonary O2 uptake kinetics and muscle deoxygenation during moder-
ate-intensity exercise. J Appl Physiol 95: 113–120, 2003.
14. Dempsey JA, Romer L, Rodman J, Miller J, Smith C. Consequences of
exercise-induced respiratory muscle work. Respir Physiol Neurobiol 151:
242–250, 2006.
15. Ferrari M, Mottola L, Quaresima V. Principles, techniques, and limitations of
near infrared spectroscopy. Can J Appl Physiol 29: 463–487, 2004.
H2471SKELETAL MUSCLE OXYGENATION DURING EXERCISE IN CHF
AJP-Heart Circ Physiol • VOL 294 • JUNE 2008 • www.ajpheart.org
16. Ferreira LF, Townsend DK, Lutjemeier BJ, Barstow TJ. Muscle
capillary blood flow kinetics estimated from pulmonary O2 uptake and
near-infrared spectroscopy. J Appl Physiol 98: 1820–1828, 2005.
17. Ferreira LF, Hueber DM, Barstow TJ. Effects of assuming constant
optical scattering on measurements of muscle oxygenation by near-
infrared spectroscopy during exercise. J Appl Physiol 102 :358–367, 2007.
18. Grassi B, Hogan MC, Greenhaff PL, Hamann JJ, Kelley KM,
Aschenbach WG, Constantin-Teodosiu D, Gladden LB. Oxygen uptake
on-kinetics in dog gastrocnemius in situ following activation of pyruvate
dehydrogenase by dichloroacetate. J Physiol 538: 195–207, 2002.
19. Grassi B, Pogliaghi S, Rampichini S, Quaresima V, Ferrari M, Mar-
coni C, Cerretelli P. Muscle oxygenation and pulmonary gas exchange
kinetics during cycling exercise on-transitions in humans. J Appl Physiol
95: 149–158, 2003.
20. Harms CA, Wetter TJ, McClaran SR, Pegelow DF, Nickele GA,
Nelson WB, Hanson P, Dempsey JA. Effects of respiratory muscle work
on cardiac output and its distribution during maximal exercise. J Appl
Physiol 85: 609–618, 1998.
21. Harms CA, Babcock MA, McClaran SR, Pegelow DF, Nickele GA,
Nelson WB, Dempsey JA. Respiratory muscle work compromises leg
blood flow during maximal exercise. J Appl Physiol 82: 1573–1583, 1997.
22. Harper AJ, Ferreira LF, Lutjemeier BJ, Townsend DK, Barstow TJ.
Human femoral artery and estimated muscle capillary blood flow kinetics
following the onset of exercise. Exp Physiol 91: 661–671, 2006.
23. Hart N, Kearney MT, Pride NB, Green M, Lofaso F, Shah AM,
Moxham J, Polkey MI. Inspiratory muscle load and capacity in chronic
heart failure. Thorax 59: 477–482, 2004.
24. Johnson BD, Beck KC, Olson LJ, O’Malley KA, Allison TG, Squires
RW, Gau GT. Ventilatory constraints during exercise in patients with
chronic heart failure. Chest 117: 321–332, 2000.
25. Kowalchuk JM, Rossiter HB, Ward SA, Whipp BJ. The effect of
resistive breathing on leg muscle oxygenation using near-infrared spec-
troscopy during exercise in men. Exp Physiol 87: 601–611, 2002.
26. MacDonald MJ, Tarnopolsky MA, Green HJ, Hughson RL. Compar-
ison of femoral blood gases and muscle near-infrared spectroscopy at
exercise onset in humans. J Appl Physiol 86: 687–693, 1999.
27. Magnusson G, Kaijser L, Sylve´n C, Karlberg KE, Isberg B, Saltin B.
Peak skeletal muscle perfusion is maintained in patients with chronic heart
failure when only a small muscle mass is exercised. Cardiovasc Res 33:
297–306, 1997.
28. Mancini DM, Ferraro N, Nazzaro D, Chance B, Wilson JR. Respira-
tory muscle deoxygenation during exercise in patients with heart failure
demonstrated with near-infrared spectroscopy. J Am Coll Cardiol 18:
492–498, 1991.
29. Mancini DM, Bolinger L, Li H, Kendrick K, Chance B, Wilson JR.
Validation of near-infrared spectroscopy in humans. J Appl Physiol 77:
2740–2747, 1994.
30. Mancini DM, Henson D, LaManca J, Levine S. Respiratory muscle
function and dyspnea in patients with chronic congestive heart failure.
Circulation 86: 909–918, 1992.
31. Mancini D, Donchez L, Levine S. Acute unloading of the work of
breathing extends exercise duration in patients with heart failure. J Am
Coll Cardiol 29: 590–596, 1997.
32. McConnell AK, Lomax M. The influence of inspiratory muscle work
history and specific inspiratory muscle training upon human limb muscle
fatigue. J Physiol 577: 445–457, 2006.
33. Miller JD, Smith CA, Hemauer SJ, Dempsey JA. The effects of
inspiratory intrathoracic pressure production on the cardiovascular re-
sponse to submaximal exercise in health and chronic heart failure. Am J
Physiol Heart Circ Physiol 292: H580–H592, 2007.
34. Miyazaki A, Adachi H, Oshima S, Taniguchi K, Hasegawa A, Kuraba-
yashi M. Blood flow redistribution during exercise contributes to exercise
tolerance in patients with chronic heart failure. Circ J 71: 465–470, 2007.
35. Musch TI. Elevated diaphragmatic blood flow during submaximal exer-
cise in rats with chronic heart failure. Am J Physiol Heart Circ Physiol
265: H1721–H1726, 1993.
36. Neder JA, Andreoni S, Castelo-Filho A, Nery LE. Reference values for lung
function tests. I. Static volumes. Braz J Med Biol Res 32: 703–717, 1999.
37. Neder JA, Andreoni S, Peres C, Nery LE. Reference values for lung
function tests. III. Carbon monoxide diffusing capacity (transfer factor).
Braz J Med Bio Res 32: 729–737, 1999.
38. Neder JA, Nery LE, Castelo A, Andreoni S, Lerario MC, Sachs A,
Silva AC, Whipp BJ. Prediction of metabolic and cardiopulmonary
responses to maximum cycle ergometry: a randomized study. Eur Resp J
14: 1304–1313, 1999.
39. O’Donnell DE, D’Arsigny C, Raj S, Abdollah H, Webb KA. Ventila-
tory assistance improves exercise endurance in stable congestive heart
failure. Am J Respir Crit Care Med 160: 1804–1811, 1999.
40. Pin˜a IL, Apstein CS, Balady GJ, Belardinelli R, Chaitman BR,
Duscha BD, Fletcher BJ, Fleg JL, Myers JN, Sullivan MJ. American
Heart Association Committee on exercise, rehabilitation, and prevention.
Exercise and heart failure: A statement from the American Heart Associ-
ation Committee on exercise, rehabilitation, and prevention. Circulation
107: 1210–1225, 2003.
41. Poole DC, Mathieu-Costello O. Analysis of capillary geometry in rat
subepicardium and subendocardium. Am J Physiol Heart Circ Physiol
259: H204–H210, 1990.
42. Poole DC, Wagner PD, Wilson DF. Diaphragm microvascular plasma
PO2 measured in vivo. J Appl Physiol 79: 2050–2057, 1995.
43. Rodman R, Henderson KS, Smith CA, Dempsey JA. Cardiovascular
effects of the respiratory muscle metaboreflexes in dogs: rest and exercise.
J Appl Physiol 95: 1159–1169, 2003.
44. Romano M, Monteforte I, Cardei S, Lerro A, Celano G, Mazza A,
Capaldo M, Paglia N, Campopiano A, Lembo G, Trimarco B,
Condorelli M. Cardiopulmonary exercise response in patients with left
ventricular dysfunction or heart failure: a noninvasive study by gas
exchange and impedance cardiography monitoring. Cardiology 87:
147–152, 1996.
45. Romer LM, Lovering HC, Haverkamp HT, Pegelow DF, Dempsey JA.
Effect of inspiratory muscle work on peripheral fatigue of locomotor
muscles in healthy humans. J Physiol 271: 425–439, 2006.
46. Romer LM, Miller JD, Haverkamp HC, Pegelow DF, Dempsey JA.
Inspiratory muscles do not limit maximal incremental exercise perfor-
mance in healthy subjects. Respir Physiol Neurobiol 156: 353–361, 2007.
47. Sahlin K. Non-invasive measurements of O2 availability in human skel-
etal muscle with near-infrared spectroscopy. Int J Sports Med 13, Suppl 1:
S157–S160, 1992.
48. Sheel AW, Derchak PA, Morgan BJ, Pegelow DF, Jacques AJ, Dempsey
JA. Fatiguing inspiratory work causes reflex reductions in resting leg
blood flow. J Physiol 537: 277–281, 2001.
49. St. Croix CM, Morgan BJ, Wetter TJ, Dempsey JA. Fatiguing inspira-
tory muscle work causes a reflex sympathetic activation in humans.
J Physiol 529: 483–504, 2000.
50. Tanabe Y, Takahashi M, Hosaka Y, Ito M, Ito E, Suzuki K. Prolonged
recovery of cardiac output after maximal exercise in patients with chronic
heart failure. J Am Coll Cardiol 35: 1228–1236, 2000.
51. Tanabe Y, Nakagawa I, Ito E, Suzuki K. Hemodynamic basis of the
reduced oxygen uptake relative to work rate during incremental exercise in
patients with chronic heart failure. Int J Cardiol 83: 57–62, 2002.
52. Uren NG, Davies SW, Jordan SL, Lipkin DP. Inhaled bronchodilators
increase maximum oxygen consumption in chronic left ventricular failure.
Eur Heart J 14: 744–750, 1993.
53. Wada O, Asanoi H, Miyagi K, Ishizaka S, Kameyama T, Ishise H, Seto H,
Inoue H. Quantitative evaluation of blood flow distribution to exercising and
resting skeletal muscles in patients with cardiac dysfunction using whole-body
thallium-201 scintigraphy. Clin Cardiol 20: 785–790, 1997.
54. Ward ME, Eidelman D, Stubbing DG, Bellemare F, Macklem PT.
Respiratory sensation and pattern of respiratory muscle activation during
diaphragm fatigue. J Appl Physiol 65: 2181–2189, 1988.
55. Watanabe S, Ishii C, Takeyasu N, Ajisaka R, Nishina H, Morimoto T,
Sakamoto K, Eda K, Ishiyama M, Saito T, Aihara H, Arai E, Toyama
M, Shintomi Y, Yamaguchi I. Assessing muscle vasodilation using
near-infrared spectroscopy in cardiac patients. Circ J 69: 802–814, 2005.
56. Weber KT, Janicki JS, Ward DM, McElroy PA. Measurement and
interpretation of maximal oxygen uptake in patients with chronic cardiac
or circulatory failure. J Clin Monit 3: 31–37, 1987.
57. Wetter TJ, Harms CA, Nelson WB, Pegelow DF, Dempsey JA. Influ-
ence of respiratory muscle work on V˙ O2 and leg blood flow during
submaximal exercise. J Appl Physiol 87: 643–651, 1999.
58. Wilson JR, Mancini DM, McCully K, Ferraro N, Lanoce V, Chance B.
Noninvasive detection of skeletal muscle underperfusion with near-infrared spec-
troscopy in patients with heart failure. Circulation 80: 1668–1674, 1989.
59. Witte KK, Clark AL. Why does chronic heart failure cause breathless-
ness and fatigue? Prog Cardiovasc Dis 49: 366–384, 2007.
60. Younes M. Proportional assist ventilation, a new approach to ventilatory
support. Am Rev Respir Dis 145: 114–120, 1992.
H2472 SKELETAL MUSCLE OXYGENATION DURING EXERCISE IN CHF
AJP-Heart Circ Physiol • VOL 294 • JUNE 2008 • www.ajpheart.org
